Abstract This paper presents the application of the object-oriented framework SMILE to the management of flows and water quality in the Upper Mersey river catchment. The design river flows are those exceeded for 95% of the time, and are estimated applying alternative methods. The influence of compensation reservoirs, surface-water abstractions, and continuous discharges on low river flows is quantified. The annual licensed abstraction volumes are further reviewed. The monitored river water quality is classified using the River Ecosystem scheme. The compliance of the sewage treatment works and trade effluents with their discharge-consent limits is also assessed. The impact of effluents on the variation of river water quality is evaluated through Monte Carlo simulations at the discharge points. The points where the downstream water quality fails to comply with proposed River Quality Objectives are identified. The consent limits of the corresponding discharges are assessed, and changes to the BOD and total ammonia limits are suggested.
Introduction
The complexity and wide spectrum of issues associated with integrated river-basin management dictate the need for the development of relevant decision-support systems (Gijbers, 1999) . In this context, the SMILE software system has been developed adopting the object-oriented method (Graham, 2001 ). At present, SMILE provides tools for lowflow studies, the simulation of river flows, the identification of water-quality models, the assessment of river water quality, and the control of point-source pollution. It integrates them under a graphical user interface with components for data management, report generation, and communication with the MS WORD™ and EXCEL™ applications ( Figure 1a ). The software design and the included tools have been described in detail elsewhere (Spanou, 2000; Spanou and Chen, 2000, 2001) . The object-oriented approach that was followed for the software architecture facilitates its extension to additional areas of riverbasin planning.
The present work discusses the application of SMILE to the management study of the Upper Mersey river catchment in the North West of England. The catchment covers 695 km 2 and includes the Etherow, Goyt, Tame, and Mersey subcatchments (Figure 1b) . The corresponding river system is regulated at its headwaters by impounding reservoirs, which provide in total the compensation flow of 85 Ml/day. It is subject to many municipal and industrial abstractions with total annual licensed volume of 145,490 Ml. It also accepts the continuous discharges of 19 sewage treatment works (STW) and 12 trade effluents, as well as the intermittent discharges from the combined sewer overflows and the sewerage network. Its integrated management is of interest to numerous bodies in the UK (National Rivers Authority North West Region, 1996) . The modeling of flows and water quality in the system has been discussed elsewhere (Spanou and Chen, 2001) . The current work focuses on the assessment of the low-flow potential of the rivers, the regulation of surfacewater abstractions, and the control of pollution from the continuous point-source discharges.
Methods
The Upper Mersey river system is represented in SMILE by a network of head and junction nodes, discharge and abstraction points, compensation reservoirs, flow gauge stations, and water-quality sampling points. The above nodes are connected by river reaches. STW and trade effluents are added at the discharge points, and diffuse-pollution sources are added at the end of the reaches.
The design river flows for the study are the 1-day flows that are exceeded for 95% of the time Q95(1). These are used by the Environment Agency in the UK for the licensing of abstractions, the setting of discharge-consent limits, and the capacity-yield analysis of reservoirs (National Rivers Authority, 1995) . In SMILE, the Q95(1) flows are calculated at the gauge stations from flow duration curves, and at the ungauged river nodes through the construction of residual flow diagrams (Spanou and Chen, 2000, 2001) .
The flow duration curves are prepared using logarithmic or linear flow intervals to derive the frequency distribution, or by ranking the flow data and estimating their exceedence cumulative frequency. They are subsequently plotted on linear or lognormalprobability paper. The artificial-influence profile of the residual flow diagrams is calculated considering the licensed volumes of the surface-water abstractions, the discharge-consent rates of the trade and STW effluents, and the compensation flows of the reservoirs. Alternatively, actual data for the above sources are used. Uptake or return abstraction factors, as well as user estimates of flow or volume are also taken into account (Bullock et al., 1994) . The natural component of the residual flows is derived from a linear, drainage area-flow relationship, which is formulated based on the drainage-area data and the naturalised flows at the gauge stations. Alternatively, the regional equations developed by the Institute of Hydrology (1980) for the Q95(1) flows in the UK are applied. These were included recently in SMILE, and relate the low flow at a river site with the standard period average annual rainfall SAAR, the base flow index BFI, and the mean flow MF. The latter is calculated from the drainage area, the potential evapotranspiration PE, and SAAR, through a water-balance equation (Bullock et al., 1994) . The natural flows estimated with the above methods are corrected for all nodes downstream of reservoirs, by subtracting the natural flows trapped in the reservoirs. The residual flows and their components are plotted along user-selected rivers, facilitating the interpretation of results. The impact of abstractions on the residual low flows is subsequently assessed, and maximum limits to the allowed abstraction volumes are suggested.
The monitored water quality at the sampling points of the river system is classified using the River Ecosystem (RE) scheme. The compliance with proposed river quality objectives (RQOs), which are expressed in terms of the RE classes, is also evaluated. The monitored water quality of the continuous point-source effluents is further assessed against the absolute and/or 95-percentile limits specified in their discharge consents (National Rivers Authority, 1994 , 1995 . Finally, Monte-Carlo simulations of the mass-balance equation are undertaken for the effluent discharge points. In that way the impact of discharges on the RQOs is studied, and the percentile effluent standards that are required for the achievement of the objectives are calculated. SMILE provides several univariate and multivariate probability distributions to describe the functionally independent variables of the mass-balance equation (Fishman, 1996) . Alternative statistics can be used to define the parameters of the distributions, and alternative types of data can be employed to estimate these statistics for the variables. In the present work, the flow and concentration of the effluent (Qw and Cw) along with the river flow and concentration upstream of the discharge (usQr and usCr) are assumed to follow the multivariate lognormal distribution. The discharge flow is described by the mean and standard deviation, and the upstream river flow by the mean and Q95 (1) values; the correlation coefficient between the two variables is set equal to 0.6. The above are in agreement with the assumptions and statistics employed by the Environment Agency during routine discharge-consent calculations (National Rivers Authority, 1995).
Results and discussion

Input data
The main source of data for the study has been the Environment Agency, North West Region. The provided data include measurements of river flow and water quality, the discharge consents and water-quality measurements of the STW and trade effluents, the surface-water abstraction licenses and actual abstraction data, and the compensation flows of the reservoirs. Additional information about the population equivalent and the effluent flows of the STWs has been provided by North West Water Ltd. Finally, the catchment characteristics of interest (i.e. the mean stream length, drainage area, SAAR, PE, and BFI) have been extracted for each river node using the Water Information System (WIS) of CEH Wallingford (Tindall and Moore, 1997) .
Estimation of design river flows
Annual flow duration curves have been derived for the river flow stations of the catchment applying all methods included in the software. The measured daily flows were available for the period 1970-1996, and the data considered were from 20 of those years with complete records (Spanou, 2000; Spanou and Chen, 2001) .
The 1-day flow duration curves that were prepared using logarithmic flow intervals are presented in Figure 2a . They are plotted on lognormal probability axes, and the flows for each station are standardised by its mean flow over the years of data. The obtained curves have similar form, and the one for the #692423 station has the flattest slope. This suggests that the contribution of base flow to the overall discharge is more significant for the Tame river. Data-based BFI estimates that were provided by CEH Wallingford confirm the above, as they show that the BFI values for the stations range from 0.48 to 0.58, and the maximum value corresponds to the #692423 station (Marsh, 1997) . From the 1-day flow duration curves, the Q95(1) flows were subsequently estimated. The obtained values range between 0.676 and 3.090 m 3 /s, and are in agreement with CEH results (Marsh, 1997) .
Annual Q95(1) flows have been derived for the ungauged nodes of the river system, using all methods available in the software. The impact of artificial influences was quantified based on the licensed flow data, as well as taking into account the actual abstraction volumes and actual DWF of the STWs for the year 1994. The results indicate that the more significant influences are the compensation reservoirs for the Etherow system, the STW effluents for the Tame and upper-Mersey systems, and the abstractions for the Goyt system.
The natural river flows were estimated from the linear drainage area-flow equation with coefficient 0.0023 m 3 /s/km 2 , and in addition from the regional equations for the UK. The first approach provides lower natural Q95(1) flows for most river nodes (for example by 24, 28, 8 and 14%, for the sites of the gauge stations of the Etherow, Goyt, Tame, and Mersey rivers respectively). Hence it leads to more conservative predictions of the rivers capacity for abstraction or waste assimilation. However, the corresponding residual Q95(1) flows are closer to the values read from the flow duration curves for the stations.
The residual flow diagram for the Etherow river is presented indicatively in Figure 2b . As can be seen the artificial influences contribute around 80% of the total flow at the end of the river.
Regulation of surface-water abstractions
The study of design flows over all rivers showed that the residual Q95(1) estimates have negative values at the 10-25, 12-73, 12-48, 12-81, and 14-31 abstraction points, for all sets of results. This indicates that the available flows are inadequate to meet the abstraction requirements, and suggests the review of the corresponding licenses. Negative estimates are also obtained for the 9-87, 12-30, 12-100, 10-29 and 12-80 points, however, only when the licensed abstraction volumes are considered. In addition, the flows at the last two points depend on the method of natural flow estimation. The designated sites are located on tributaries of the main rivers with a small drainage area, and in most cases the corresponding licenses have been granted for manufacturing purposes. The maximum allowed abstraction volumes Vabs have been calculated in the present work, and are presented in detail in Table 1 .
Assessment of river water quality
The RE classification of water quality has been performed for 57 sampling points along the river system. It is based on measurements of dissolved oxygen, biochemical oxygen demand BOD [ATU] , total ammonia, un-ionised ammonia, and pH for the years 1992-1994. A water-quality survey has been carried out for the same period by the former National Rivers Authority, and was considered during the proposal of short and long-term RQOs for the river reaches (National Rivers Authority North West Region, 1996) . The present study showed that the monitored quality complies with the proposed short-term RQOs. In addition, the overall class is determined for most sampling points by the BOD [ATU] and/or total ammonia concentrations.
The results of classification are summarised in Table 2 . They indicate that the water quality is good (class RE2) and fair (class RE3) along most reaches of the Etherow and Goyt rivers respectively. It is fair (class RE4) for a considerable part of the Tame river, as well as for the main part of the Mersey river. Finally, it is poor along a few tributaries of the main rivers.
Assessment of effluent water quality
The monitored water quality of the STW and trade effluents was assessed for the period 1990-1996. The STWs in the catchment have population equivalents between 160 and 210,000 and apply rotating biological contactors, biological filters, and/or activated sludge treatment. Their continuous discharges have to satisfy 95-percentile limits of BOD [ATU] and suspended solids SS. Two of them also have to comply with total ammonia limits. The trade effluents include 3 cooling-water discharges with descriptive consents, and 9 discharges from textiles, paper, and resin manufacturing, with numeric consents. The latter specify absolute BOD [ATU] , SS, and pH limits, and for some effluents, additional limits of total ammonia and temperature. The present study showed that 17 STWs and Shell Chemicals Ltd comply with the discharge-consent conditions for the above constituents. However, the Chapel en le Frith and Duckinfield STWs, as well as 8 trade effluents with numeric consents have violated the corresponding limits for one or more years of study. Table 1 The abstraction licenses to be reviewed and the maximum allowed abstraction volumes, when the artificial usQr is calculated using licensed flows, and the natural usQr is calculated (a) from a linear flow-area relationship or (b) from UK regional equations 
The values in brackets refer to the main river
Impact of continuous effluents on river quality objectives
To assess the impact of continuous discharges on river water quality, the river concentration downstream of the discharge points dsCr was estimated through Monte Carlo realisations. The calculations were performed starting from the headwaters of the river system and moving in the downstream direction. The constituents considered were BOD and total ammonia. The Environment Agency (1997) has specified that if the present or consented quality of a discharge results in a dsCr that fails the planned RQO, the discharge is qualified for investment in the period 2000 to 2005. Due to the above, two sets of calculations were performed. In the first one, the effluent quality was described by the mean and standard deviation of the monitored data in the period 1992 and 1994 (Cw,act). The upstream river water quality usCr was based on the classification results for the same period. More specifically, when there was a sampling point at a short distance upstream of the discharge point, the coefficient of variation of the monitored data and the lower limit of the confidence interval for the 90 percentile, which defines the RE class at the sampling point, were used. If a sampling point was located at a short distance downstream of the discharge point, different values were assumed for the usCr (typically based on the RE class of further upstream reaches); trial simulations were then performed in order to find the usCr that results in a downstream water quality close to the monitored one. In the second set of calculations, the effluent quality was described through the data-based coefficient of variation and the discharge-consent percentile limits (Cw,cons). It is noted that the absolute limits of the trade effluents were entered as 99.5 percentile values. During each simulation 5000 realisations were performed, so that the statistics of the generated deviates would approximate the statistics entered for the variables.
The obtained results show that most effluents cause the water quality of the receiving rivers to deteriorate. At 12 discharge points there is a transition from a RE class of better quality upstream of the discharge, to a RE class of poorer quality, mainly due to increased total ammonia levels (Table 3) . At 5 of those points the downstream water quality fails to comply with the proposed short or long-term RQOs (National Rivers Authority North West Region, 1996) . The effluent BOD [ATU] or total ammonia limits that would be required, in order for the dsCr to reach the upper boundary of the target RE class, have been calculated in the present study and are presented in Table 4 . Table 3 The continuous discharges that change the RE class at the discharge points, and the proposed RQOs for the downstream reaches 
